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Abstract Groundwater resources are important sources of
drinking water in Africa, and they are hugely important in
sustaining urban livelihoods and supporting a diverse range
of commercial and agricultural activities. Groundwater has an
important role in improving health in sub-Saharan Africa
(SSA). An estimated 250 million people (40% of the total)
live in urban centres across SSA. SSA has experienced a rapid
expansion in urban populations since the 1950s, with in-
creased population densities as well as expanding geographi-
cal coverage. Estimates suggest that the urban population in
SSAwill double between 2000 and 2030. The quality status of
shallow urban groundwater resources is often very poor due to
inadequate waste management and source protection, and
poses a significant health risk to users, while deeper borehole
sources often provide an important source of good quality
drinking water. Given the growth in future demand from this
finite resource, as well as potential changes in future climate in
this region, a detailed understanding of both water quantity
and quality is required to use this resource sustainably. This
paper provides a comprehensive assessment of the water qual-
ity status, both microbial and chemical, of urban groundwater
in SSA across a range of hydrogeological terrains and differ-
ent groundwater point types. Lower storage basement terrains,
which underlie a significant proportion of urban centres in
SSA, are particularly vulnerable to contamination. The rela-
tionship between mean nitrate concentration and intrinsic
aquifer pollution risk is assessed for urban centres across
SSA. Current knowledge gaps are identified and future re-
search needs highlighted.
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Introduction
Groundwater is the largest and most important water resource
in Africa (MacDonald et al. 2012). It is often more reliable, in
closer proximity to users, less vulnerable to pollution, and
more resilient to climate variability than surface water
(MacDonald et al. 2011; Lapworth et al. 2013). Access to safe
and reliable water is critical for improving health and liveli-
hoods for low-income communities in Africa and elsewhere
globally (Hunter et al. 2010). Many expanding urban areas in
sub-Saharan Africa (SSA) are dependent on groundwater for
at least some, and many cases the majority, of domestic water
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supply (Adelana et al. 2008; Foster et al. 1999). Over the last
three decades there has been a concerted effort to develop
improved water supply and sanitation across Africa (Bartram
and Cairncross 2010), a recent example being the UN
Millennium Development Goals which had the target of halv-
ing by 2015 the population without sustainable access to im-
proved sanitation (JMP 2008). Groundwater is considered the
centrepiece of improved drinking-water provision in many
parts of Africa (Foster et al. 2006). Within urban and peri-
urban contexts, this has led to widespread development of
groundwater resources beneath and in close proximity to ur-
ban centres across SSA. In addition, urban sanitation provi-
sion and waste management systems across SSA are inade-
quate, with an estimated average of 40% coverage for im-
proved sanitation facilities (World Bank 2012). Water treat-
ment options are often very limited and in many cases munic-
ipal facilities for waste and water treatment are overloaded or
experiencing reduced functionality partly due to limited
funding and poor governance. The high population densities
found in urban areas has led to the proliferation of unimproved
sanitation provision largely through the use of pit latrines,
which are often little more than a hole in the ground, and are
in very close proximity to wells and springs that are important
for domestic use (Stenström 1996).
Across large parts of SSA there is continued and accelerat-
ed expansion of urban and peri-urban settlements. A recent
study (UNPF 2007) estimates that between 2000 and 2030
Africa’s urban population, compared to rural population, will
double and become the majority. Overall, 37% of Africa’s
population are currently urbanised and the urban proportion
is growing (World Bank 2016a, b).
While groundwater is considered the most resilient source
of drinking water across much of Africa, the lack of adequate
management of household and industrial waste in many
expanding urban centres is a growing concern (Wang et al.
2012). This poor waste management practice has led to the
groundwater resources below many urban and peri-urban
areas being put under considerable pressure from pollution
loading with clear implications for groundwater quality and
public health. This is compounded when current and future
climate extremes and increased urbanisation are also consid-
ered, which may lead to increased flood risks and related
disease outbreaks (McMichael et al. 2006; Howard et al.
2016). Per-capita usage is also predicted to rise in line with
prosperity which will put additional stress on available
groundwater resources, many of which are found on low
yielding basement aquifers (MacDonald et al. 2012). Future
trajectories of growth of urban centres in SSA, notable for
regions in West and East Africa, and increased demands on
groundwater resources mean that urban centres are likely to be
more dependent on groundwater in the future (UNEP 2008).
Together, these factors challenge the security of groundwater
resources in many urban areas across SSA.
Groundwater is the critical resource for human survival and
economic development in extensive drought-prone areas of
south-eastern, eastern and western Africa, especially where
the average rainfall is less than 1,000 mm/annum (Foster
et al. 2006) and inter-annual rainfall variability is high and
there is evidence that this is likely to increase in the future in
many regions (Carter and Parker 2009). There are also a num-
ber of trans-boundary aquifers which require strategic man-
agement in terms of groundwater resources and water quality
(Ashton and Turton 2009). The proximity of groundwater
sources, and the related reduced infrastructure costs, makes
groundwater an ideal resource to target for urban water-
resource development (Foster et al. 1998; Taylor and Barrett
1999); however, in SSA the issue of the vulnerability of crit-
ical urban groundwater sources to anthropogenic contamina-
tion has to date received little attention compared to other
regions globally. There is therefore a limited evidence base
regarding groundwater quality status in urban centres across
SSA with which to inform long-term policy on the develop-
ment and management of urban groundwater resources.
While regional-scale assessments of groundwater re-
sources have been recently quantified (MacDonald et al.
2012), hydrogeological evidence at the appropriate resolution
for managing groundwater resources in many African urban
centres are often non-existent. Figure 1 shows the distribution
of major urban centres and their relationship to intrinsic aqui-
fer pollution risk using an aquifer vulnerability modelling ap-
proach (Ouedraogo et al. 2016). It is noteworthy that the vast
majority of urban centres, and in particular urban growth hot-
spots in the Lake Victoria Basin and much of West Africa are
underlain by high vulnerability aquifers, and are often of
moderate-low productivity (MacDonald et al. 2012). It is also
clear that the majority of urban centres are located in coastal
regions, and as such may be impacted by saline intrusion
(Steyl and Dennis 2010), which could be compounded by
changes in sea level or over-abstraction of fragile coastal aqui-
fer systems (Comte et al. 2016). Many regions in SSA lack
appropriate approaches and adequate investment for ground-
water resource planning and management (Braune and Xu
2010). There is also a concern over the decline of many na-
tional institutions responsible for groundwater development,
resource administration, groundwater protection, as well as
loss of professional personnel in the region since the 1980s
(Foster et al. 2006), which stems from challenging economic
conditions facing SSA as well as poor governance arrange-
ments. An additional concern is the fact that legal frameworks
for groundwater resources in SSA do not often cater for
community-based arrangements, but rather focus on
centralised government permits at the river basin scale.
This paper comprises two parts: firstly, it synthesises
existing studies relevant to water quality and health in urban
and peri-urban centres and provides an assessment of the cur-
rent state of knowledge of urban groundwater quality in SSA.
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This includes an overview of the key issues related to ground-
water vulnerability due to anthropogenic contamination, and
reviews evidence available from studies assessing key sanitary
and non-sanitary sources. The second much smaller part of
this paper investigates relationship between estimated aquifer
pollution risks, modelled using an intrinsic groundwater vul-
nerability approach (Aller et al. 1987; Ouedraogo et al. 2016),
and observed urban groundwater nitrate concentrations.
Nitrate was chosen because it is globally a widely used proxy
for anthropogenic contamination in groundwater sources and
had suitable data availability across SSA. Although the evi-
dence surrounding the disease burden associated with nitrate
in drinking water is complex, high nitrate is frequently asso-
ciated with high faecal indicator bacteria counts and faecal
contamination of urban groundwater in Africa—see
Table S1 of the electronic supplementary material (ESM)—
which is a known contributor to diarrhoeal disease burden
(Prüss-Ustün et al. 2014). Given that more studies included
in this review measured nitrate than measured faecal indicator
bacteria counts and that nitrate levels are typically less tempo-
rally variable than faecal indicator bacteria counts, nitrate
levels were examined in this analysis. Empirical studies
assessing groundwater quality degradation in urban ground-
water in SSA are reviewed, gaps in the current evidence base
identified and recommendations made for future research.
Background: sources and pathways for urban
groundwater contamination in sub-Saharan Africa
Microbiological contamination of groundwater and water-
related diseases are an important water quality and health
challenges for SSAwhere the health burden disproportionate-
ly affects low-income groups and children (Howard et al.
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Fig. 1 Relationship between urban centres in sub-Saharan Africa (SSA)
and estimated aquifer pollution risk using an intrinsic aquifer modelling
approach (Ouedraogo et al. 2016). The location of studies included in the
paper are shown. Major cities in SSA are shown and are from the ESRI
cities dataset (2006)
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2006). Groundwater contamination can occur whenever there is
a source releasing contaminants to the environment (Sililo et al.
2001), a pathway for subsurface transport and a groundwater
receptor (see Table 1 for a summary). Faecal waste is the largest
source of contamination in urban (and rural) groundwater, in
particular where there is high-density housing with poor and/or
inadequate sanitation facilities and treatment of faecal waste.
This situation is common for low-income areas of most major
and growing urban centres inAfrica. Acrossmuch of SSA, these
communities use highly vulnerable shallow sources of ground-
water which often provide the majority of drinking water used,
in many cases up to 70–80% (Pedley and Howard 1997). Major
sources of urban groundwater contamination in SSA include:
& Municipal/domestic waste: for example pit latrines, septic
tanks, sewer leakage, sewage effluent, sewage sludge,
Table 1 Sources and pathways for urban groundwater contamination in SSA
Component Category Risk factors
Regional
considerations
– Population density
Land use and land cover
Physical relief/slope
Rainfall amount and intensity
Sources Municipal and household level sources including domestic
livestock and urban agriculture
Surface sources:
Open defecation from humans and animals
Surface waste sites and incineration sites
Fertilisers and pesticides and waste use (solid/Liquid)
Atmospheric deposition of combustion products
Sub-surface sources:
Pit latrines
Septic tanks
Soak-aways
Waste pits
Cemetery or other burial sites
Open sewers/drains—most common type in SSA
Reticulated sewers—very limit coverage
Other potential sources:
Market places, abattoir waste, both liquid and solid
Hospital or treatment centre Surface and subsurface sources:
Liquid waste discharge to soak-aways/surface channels
Solid medical waste disposal
Latrines/septic tanks on site
Industry e.g. mining Surface and subsurface sources:
Process plant effluent
Solid waste disposal sites
Storage tanks including petroleum products
Site runoff and leaching from mine spoil
Pathways Horizontal and vertical pathways in unsaturated and saturated zone Shallow sub horizontal pathways in tropical soil:
Tropical soils, e.g. Plithosol/Ferrasol horizons present
Shallow depth to water table
Thin soils and low organic matter content
Natural rapid bypass from tree roots and burrows
Vertical and horizontal pathways in saturated zone:
Thin low-permeability zone above weathered basement
Thickness and maturity of weathered basement zone
Fracture size, length and density in the more competent bedrock
below weathered basement
Local/headwork pathways Lack of dugwell headwall and/or lining
Lack of well cover
Use of bucket and rope—soil/animal/human contact
Gap between apron and well lining
Damaged well apron
Propensity for surface flooding
Gap between borehole riser/apron
Damaged borehole apron
Eroded or de-vegetated spring backfill
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urban road runoff, landfill/waste dumps and health care
facilities
& Industrial sources and waste: for example process waters,
plant effluent, stored hydrocarbons, tank and pipeline
leakage
& Urban agriculture: for example leached salts, fertilisers,
pesticides and animal/human waste
& Mining activities: including both current and historical
solid and liquid waste
Figure 2 shows a simplified representation of sources, path-
ways and receptors for faecal as well as other contaminants in
urban SSA. For microorganisms in faecal and other waste
materials, the main barrier to their movement into groundwa-
ter is the soil and the unsaturated zone. Once into groundwa-
ter, there is still a complex interaction of other physical, chem-
ical and biological factors that control the survival and mobil-
ity of the microorganisms (Pedley et al. 2006) and influence
the distance that they can travel from the source (Stenström
1996; see Table S3 of the ESM).
The causes of water quality contamination may be separat-
ed into those related to the production of contaminants at the
source and those which govern their delivery into the water
environment (Pegram et al. 1999). In peri-urban environments
they are primarily caused by infrastructure and services (this
includes municipal waste management and treatment and wa-
ter supply as well as private water and waste services) which
are not adequate for the settlement characteristics, are poorly
managed by the provider and/or community.
Figure 2 shows a schematic for vulnerable basement (hard
rock) settings which are encountered across much of SSA.
Most sources and pathways are also relevant for sedimentary
settings. As well as moving through the body of the aquifer,
contamination can occur via pathways resulting from the de-
sign and construction of the supply or its deterioration with
time (Fig. 2). Localised contamination is a very common
cause of the decline in quality of groundwater supplies, and
is frequently illustrated by the rapid rise in the concentration of
contaminants following rainfall events (Barrett et al. 2000;
Sorensen et al. 2015a). It can occur either where contaminated
water:
& Is in direct contact with the headworks of boreholes, wells
and springs and where pathways exist that allow this to
mix with the water supplies
& Has infiltrated into the sub-surface in the close vicinity of
a borehole, well or spring moves along fast horizontal
pathways to the supply
Figure 2 summarises key pathways, shown by orange ar-
rows, in high-risk settings such as fractured basement terrains
with lateritic soil, including surface and subsurface pathways
for migration of pollutants from sources to receptors areas.
Very rapid horizontal pathways exist in the shallow tropical
soil zone, which may be laterally extensive, in some cases
providing transmissivities in excess of 300 m2/day (Bonsor
et al. 2014). Rapid vertical pathways also exist due to the
presence of natural macropores, e.g. from burrows and tree
roots as well as soak-aways and other man-made conduits,
which can reach significant depths. Combined, these more
rapid pathways make shallow wells and spring sources partic-
ularly vulnerable to contamination and risks are increased
during high groundwater level conditions in response to in-
tense rainfall and recharge and when soil infiltration capacity
is exceeded. Horizontal saturated groundwater flow, both in
the lower permeability horizon above the weathered basement
and in the weathered basement and fractured basement, is a
pathway which can affect deeper groundwater sources such as
boreholes. These pathways are slower and longer and provide
the greatest attenuation potential for hazards.
Surface pathways include surface runoff which can con-
taminate surface waters and hydrologically connected shallow
groundwater sources, as well as poorly protected shallow
wells through direct inflow; in addition, there are bypass path-
ways for contamination of wells and springs via ropes and
buckets used to draw water. Shallow sub-surface pathways
include vertical soil flow from surface and subsurface sources
where there is hydraulic continuity, e.g. from a liquid dis-
charge or from a buried source such as a pit latrine, cemetery
or buried waste.
Data and methods
Literature review of groundwater quality in urban SSA
There is no systematic monitoring of groundwater quality
across Africa, or nationally in most countries, and there are
large regions where little or no data are currently available.
This section is a compilation of urban groundwater quality
data across SSA from a range of literature sources mainly
from journal papers and technical reports. Table 2 outlines
the literature review primary terms, term descriptions and ex-
amples of search terms used for identifying literature. A num-
ber of Boolean literature searches were carried out using a
range of search engines, Web of Science™, PubMed™, and
Google Scholar™. Literature from the searches and other
available grey literature was then compiled in an Endnote
database (version x7) which included over 500 references af-
ter duplicate literature had been removed. The literature was
first screened using the article abstract and then subsequently
screened using the full article to develop the key water-quality
parameters to include in the database. Exclusion criteria in-
cluded: non-English literature, studies focussed on non-
groundwater bodies, studies not undertaken in urban African
locations. Key water-quality results were then extracted,
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summarised and tabulated in a database, and these results are
found in Table S1 of the ESM. Quantitative data were obtain-
ed for parameters including microbiological indicators,
nitrate, and specific electrical conductance (SEC) as well as
other trace elements where these are available. Other impor-
tant meta-data were compiled, for example the geology/soil
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Higher storage
liquid waste from industry
and health facilities
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Pit latrine
Waste
dump
Open
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Open sewer
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River
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in river
Laterite
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transmissive
during intense
rainfall
Soil amendments or
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waste used for urban
agriculture
Unprotected
spring
Transient pathways for hazard to
migrate to the subsurface linked
to intense rainfall events. High
risk from rapid lateral transport in/above
laterite horizon when infiltration
capacity of soil is exceeded. Limited
vertical transfer beyond laterite horizon
particulary during the early part of the
rainy season when there are low moisture
levels in the shallow subsuface below the
laterite horizon and the water table is deeper.
Continuous pathway for hazard
to migrate to depth within groundwater
via i) continuous source of recharge
of liquid waste such as soak-aways, open
sewers or surface discharge providing
continuous pathway to the water table or,
ii) where there is direct bypass of
the soil and unsaturated zone i.e. using
a bucket and rope or cracks in well or
borehole seal. This may be a particular issue
at the end of the dry season / start of the
wet season, due to intense use of fewer
non-seasonal sources.
Sources of contamination
providing an essentially diffuse
input of hazards to the surface,
e.g. open defecation by humans
as well as animals, surface liquid
discharge from household and
municipal waste water, as well as
sources that are buried in the
subsurface, e.g. waste dumps,
historical mining waste, pit latrines,
septic tanks and cemeteries.
Defective
sanitary seal
As the rainy season progresses soil moisture
and areal recharge increase and trigger
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can lead to a large pulse of contaminants from
the surface to the subsurface due to focussed
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Areal groundwater flow from piezometric high
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as rivers. There may also be discharge from
springs; flow from these sources will be linked
to cumulative rainfall, rainfall intensity (especially
in rapidly responding or transient springs),
aquifer storage and recharge processes.
Receptors of hazards including
the groundwater resource as a
whole as well as specific groundwater
supplies including wells, boreholes
and springs. Surface water is also a
receptor of hazards. Shallow wells and
springs are at risk from septic tanks
and shallow waste systems and in
low lying areas where shallow water
tables persist and which are prone to
flooding during high intensity rainfall events.
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Fig. 2 Key potential sources, pathways and receptors of faecal contamination in urban settings in SSA
Table 2 Review terms, term descriptions and search terms used for literature searches and database development
Primary term Term description Selected search terms
Population
Groundwater Environment, source/pathway of interest Groundwater; aquifer; well; borehole, spring
Location/landuse Geographical area of interest Africa; individual countries; cities; towns
Outcome
Chemical/physical contamination Parameters of interest Contamination; pollution; water quality; nitrate
Microbiological contamination Organisms or indicator organisms of interest Faecal/faecal contaminant/coliform; thermotolerant coliforms
(TTC); microbe; pathogen; enteric; E. coli; virus
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characteristics, the urban centre, the study type and type
groundwater sources included. The final database (n = 48)
draws mostly on research articles but also includes some re-
sults from grey literature including reports and book chapters.
These were further subdivided into studies that focussed on
assessing risks from pit latrines (n = 19) and studies that cover
non-sanitary sources of contamination (n = 8). It is recognised
that these have been published for a range of purposes and
with this in mind, the studies can be categorised into three
broad groups. These are identified in Table S1 of the ESM
as: (1) case-studies (n = 22) presenting data from a limited
number of sites (n < 20), limited temporal resolution as a sin-
gle survey or use only basic chemical indicators and limited
analysis of the results; (2) case studies (n = 18) which either
draw from larger data sets or include both chemical and mi-
crobiological indicators but have limited data analysis regard-
ing sanitary risk factors; and (3) case studies (n = 8) with
greater temporal resolution or are accompanied by a more
thorough analysis of the data, for example using statistical
techniques to understand the significance of different risk fac-
tors on water quality observations.
Quantitative assessment of intrinsic aquifer vulnerability
index
A subset of studies (n = 31) was used for further quantitative
assessments for studies that reported suitable nitrate statistics,
which was the most common water-quality parameter and a
good indicator/tracer of anthropogenic contamination in urban
settings. Only studies that fulfilled the following criteria were
included: urban study, number of samples reported, mean and
standard deviation values reported or could be calculated from
raw data. Other important water quality parameters, e.g.
thermotolerant coliforms, did not meet the inclusion criteria
and had uncertain statistical distributions so were not suitable
to carry out similar analysis. Settlement names where these
studies were conducted were geocoded using the Google
Maps Application Programming Interface (API) version 2.
Latitudes and longitudes were returned at the town or city
level (accuracy code 4). These coordinates were then linked
to a database of urban extents in 2002–2003, derived from
Modis satellite data at 1-km resolution (Schneider et al.
2003; Natural Earth 2016), representing each studied settle-
ment’s extent. Among the included studies, 11 studied urban
settlements were too small to be mapped in the Modis-derived
data, so were represented as points.
The relationship between mean nitrate concentrations and
the proportion of boreholes sampled per study, groundwater
vulnerability as measured via a DRASTIC risk score
(Ouedraogo et al. 2016), and 2010 population density per 1-
km2 pixel (World Population 2016) was examined. DRASTIC
uses a number of parameters including depth to groundwater
(D), net recharge (R), aquifer media (A), soil media (S),
topography (T), vadose zone (I) and the hydraulic conductiv-
ity of the aquifer (C) to develop an index of aquifer vulnera-
bility, see Ouedraogo et al. (2016) for more details on the
methods used to develop the aquifer risk score. For each study
site’s geographic extent, the mean DRASTIC risk score was
extracted as well as the maximum population density per 1-
km2 pixel. For smaller settlements represented as points, the
maximum population density within a 5 km radius was re-
corded. The latter was chosen as an indicator of the presence
of slums with associated high population density and thereby
the potential entry of untreated human waste into groundwater
and associated nitrate load. The interaction of pollutant load-
ing and aquifer vulnerability should affect observed nitrate
levels, rather than these variables operating independently of
one another; therefore, the mean nitrate at each site was plot-
ted as a bubble plot against population density (an indicator of
nitrate load) and DRASTIC score (an indicator of groundwa-
ter vulnerability). Separate plots were produced for boreholes
versus wells and springs, since for boreholes, the greater ver-
tical separation between hazards such as septic tanks and the
aquifer should reduce observed nitrate (e.g. Sorensen et al.
2015a, b). To examine these relationships statistically, the
standard error of mean nitrate per study was calculated, as
the standard deviation of nitrate divided by the square of the
number of samples, assuming simple random sampling in
each study. Random effects meta-regression (Harbord and
Higgins 2008) in Stata version 13 was then used to estimate
the relationship between reported mean nitrate per study,
DRASTIC risk score, and population density. There was no
adjustment for clustering in nitrate levels measured at the
same city/town in different studies, since such clustering was
not statistically significant (individual intra-class correlation
coefficient = 0.44 for 7 such city/towns, 95% confidence in-
tervals −0.33 to 0.87).
Results and discussion
The following sections outline the key findings from the liter-
ature review, focussing on anthropogenic contamination of
groundwater in urban SSA. While it is beyond the scope of
this paper, geogenic sources of contamination are also a major
water quality and health issue for some regions in SSA, which
includes high probability of elevated As and F above WHO
limits (WHO 2011) of 10 ppb and 1.5 mg/L respectively
across parts of SSA due to naturally occurring geological
sources of contamination. High Fe andMn are associated with
basement aquifers and there is considerable debate as to
whether this is naturally occurring or due to corrosion of in-
frastructure by chemically aggressive groundwater (e.g. Casey
et al. 2016). High F groundwater is commonly found associ-
ated with volcanic deposits (e.g. Olaka et al. 2016); high As
groundwater is commonly associated with sedimentary
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aquifers as well as mineralised basement settings, and elevated
concentrations have been found in mining areas (Smedley
1996). Naturally occurring high salinity/brackish groundwater
sources are also found within some arid and coastal settings
(e.g. Tole 1997) and the latter may be impacted by over-
pumping and/or changes in sea level (Comte et al. 2016)
Physical, chemical and microbiological indicators
of groundwater contamination
It is clear from looking across the published literature
(Table S1 of the ESM) that there has been a large number of
groundwater quality related studies in southern Nigeria which
account for around 30% of the published studies overall
(Table S1 of the ESM) and most fall into either category 1
or 2 studies. Most of these studies are located near Lagos,
Abeokuta and Ibadan in the south west, the Delta area in the
south and Calabar. Other notable examples of locations that
have a larger number of case studies include Lusaka in
Zambia, Kampala in Uganda, Dakar in Senegal, and Addis
Ababa in Ethiopia. Kampala (basement setting), Addis
Ababa and Lusaka (basement and karstic settings) all have
vulnerable hydrogeological settings (Fig. 1).This section as-
sesses physical and chemical indicators of groundwater con-
tamination available from urban water quality studies across
SSA in a range of hydrogeological settings. Studies from
group 3 provide the greatest insights regarding pollution
sources, pathways and risk factors and can be considered as
benchmark studies.
Turbidity, total dissolved solids and specific electrical
conductance
Turbidity and total dissolved solids (TDS) or specific electri-
cal conductance (SEC) are the most commonly applied phys-
ical and chemical water quality indicators used in groundwater
studies and are often used in combination with more specific
indicators such as nitrate or microbiology (see Table 3). These
parameters have a major advantage of being field methods,
which are easy to collect enabling surveyors to carry out a
simple assessment of water quality rapidly and with minimal
cost. For example, high SEC of >1,000–2,000 μS/cm for shal-
low dug wells (<10 m) of Ibadan metropolis in Nigeria were
attributed to contamination from household septic tanks and
pit latrines compared to low SEC of <500 μS/cm for deeper
wells and boreholes (Tijani and Onodera 2005). The good
natural quality of shallow groundwater, with generally rela-
tively low turbidity and low TDS, makes turbidity and TDS
good indicators of anthropogenic contamination. Many stud-
ies also use hardness or field alkalinity in the same manner, as
these are also indicative of contaminant loading and have
many of the benefits outlined above (Table S1 of the ESM).
Nitrate and chloride
Nitrate and chloride are the most widely used water-quality
indicators of anthropogenic pollution in the studies conducted
in SSA, with nitrate having been used in over 80% of the
groundwater studies summarised in Table S1 of the ESM
The relatively simple sample preservation and analysis re-
quired makes these parameters attractive for initial water-
quality screening. Nitrate concentrations ranged from below
detection limit (BDL) to >500 mg/L, although typical maxi-
mum concentrations were generally below 150 mg/L, howev-
er this concentration does exceed the WHO drinking-water
guideline value for nitrate of 50 mg/L (as nitrate) by a factor
of 3 (Table S1 of the ESM ).
Both tracers have been used in a broad range of geologic
and climatic zones to investigate pollution from on-site sani-
tation and waste dumps, as well as urban agriculture (Table 3).
Nitrate concentrations show a high degree of variability both
within studies and between studies that have been reviewed.
Two principal factors that affect nitrate occurrence are firstly
the prevailing redox conditions in groundwater, and secondly
the residence time and vulnerability of the groundwater body.
There are several examples of low nitrate groundwater
(Table 3) which show evidence of faecal contamination
(Gélinas et al. 1996; Mwendera et al. 2003; Nkhuwa 2003).
This suggests the potential for denitrification in shallow
groundwater. Nitrate has been used successfully to character-
ise urban loading to groundwater from a range of sources
including pit latrines (Cissé Faye et al. 2004; Tijani and
Onodera 2005) and landfills (Ugbaja and Edet 2004; Vala
et al. 2011) and was applied to look at impacts on groundwater
quality across different population densities (Goshu and
Akoma 2011; Goshu et al. 2010; Orebiyi et al. 2010). There
are other sources of N loading to groundwater in growing
urban areas including the impact of deforestations, and these
have been delineated using N:Cl ratios and in a few examples
by using δ15N analysis (Faillat 1990).
A series of geochemical transformations can occur in water
with a high carbon loading with a progressive decline in redox
potential, leading sequentially to the removal of nitrate by
denitrification, the mobilisation of manganese and iron and
the reduction of sulphate. Borehole mixing processes can
cause dilution and overall low nitrate concentrations while
still having significant microbiologic contamination.
Lagerstedt et al. (1994) and Cronin et al. (2007) have success-
fully used NO3:Cl to fingerprint different sources of urban and
peri-urban pollution in groundwaters in SSA; this has a certain
appeal due to its simplicity; however, prevailing redox condi-
tions and mixing processes need to be considered when using
this approach. Many studies have effectively used nitrate in
combination with other basic physical indicators such as SEC
or TDS and turbidity to assess contamination and map areas of
high and low pollution. For example, in Ibadan metropolis,
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Nigeria, high-SEC shallow dug wells (<10 mbgl) are associ-
ated with very high nitrate contamination (NO3 of >50–
412 mg/L) through inputs of leachates from in-house soak-
aways and pit latrines (Tijani and Onodera 2005).
Ammonium and phosphate
It is evident from the literature that only a minority of case
studies (ca. 20% of studies in Table S1 of the ESM) contain
data for NH4 and close to 30% contain data for PO4. This is in
part due to the more involved analytical procedures for NH4,
the high detection limits for PO4 and the fact that these pa-
rameters need to be analysed rapidly to ensure valid results.
Ammonium and phosphate are closely associatedwith con-
tamination from pit latrines and leaking sewer systems and
examples from the cities of Lusaka, Abeokuta, Calabar and
Makelle are shown in Table S1 of the ESM (Berhane and
Walraevens 2013; Cidu et al. 2003; Taiwo et al. 2011;
Ugbaja and Edet 2004). Ammonium concentrations in urban
groundwater range from BDL to 60 mg/L, although most case
studies had maximum concentrations below 10 mg/L. The
highest concentrations were reported in Lusaka, Zambia,
where the karstic limestone aquifer which underlies much of
the city and very rapid transport times in the groundwater are
implicated. Both indicators do not behave conservatively in
soils and groundwater. NH4 is positively charged and there-
fore has a strong affinity for negatively charged surfaces such
as clays; for this reason, as well as microbiological processing,
attenuation is particularly high in the soil zone.
Phosphate concentrations range from BDL to 86 mg/L,
although very few studies report values >20 mg/L. Phosphate
has very limited mobility in the subsurface and has a strong
affinity to iron oxy-hydroxides as well as carbonates.
Background concentrations are usually low, e.g. <0.2 mg/L;
concentrations in urban groundwater are also usually low
unless there is either a very high loading or very rapid ground-
water flow for example in fractured basement or karstic lime-
stone (Cidu et al. 2003; Nkansah et al. 2010; Zingoni et al. 2005).
Trace elements including heavy metals
Overall, relatively few studies have characterised trace ele-
ment contamination in urban groundwater, and studies pub-
lished to date usually report results for only a handful of ele-
ments (e.g. Fe, Mn, Pb, Zn, Ni, V, Cr, Cd). This is in part due
to the cost and access to suitable analytical facilities in SSA
for multi-element (ICP-MS or AES), and the relatively poor
detection limits for some single element methods.
Studies investigating trace element concentrations have
tended to be focused on non-sanitary sources, either the effect
of mining (Ikenaka et al. 2010; Nachiyunde et al. 2013a, b; von
der Heyden and New 2004) or waste dumps (Momodu and
Anyakora 2010; Yusuf 2007). The main findings from theseTa
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studies are summarised in Table 4. Low concentrations of Cd
(0.13–0.2 μg/L) and Pb (0.04–0.09 μg/L) were reported by Vala
et al. (2011) in a study in Kinshasa, DRC, where groundwater
was contaminated fromwaste dumps. Aremu et al. (2002) report
high Pb (400μg/L) andmoderate Cr (9μg/L) andCd (8.5μg/L)
in groundwater from the Warri River plain in Nigeria, and
contamination from industry is cited as the source of
contamination. von der Heyden and New (2004) reported
elevated concentrations of Co, Ni and Zn down flow gradient
of tailings, however concentrations were found to be below
WHO drinking-water quality standards in all cases, this is likely
due to sulphide precipitation and natural attenuation processes.
There have been three notable studies in Addis Ababa,
Ethiopia, that have considered natural geogenic contamination
within an urban context (Abiye 2008; Alemayehu 2006;
Demlie and Wohnlich 2006). These studies report elevated
concentrations of Zn, Ni, Pb, Cd, Co and Cr, all above
WHO drinking-water-quality standards.
Micro-organic pollutants
Micro-organic pollutants include a diverse range of anthropogen-
ic chemicals including pesticides, industrial compounds, pharma-
ceuticals as well as by-product of water treatment such as trihalo-
methanewhich can be generated as a result of chlorination. There
has been very little published research onmicro-organic contam-
ination in African groundwater systems (Lapworth et al. 2012)
and most of the references in the section below are in addition to
those found in the literature search and relate to potential sources
of micro-organics in groundwater. This is largely due to the cost-
ly and complex analytical methods required to undertake such
work. The majority of studies that include some micro-organic
analysis have been undertaken in South Africa, and few studies
include groundwater samples. In urban areas, groundwater is
likely to be impacted by anthropogenic micro-organic contami-
nants from sewage and industrial activities as well as historical
waste management practices. Diffuse leakage from reticulated
sewerage systems poses a significant pollution risk as it bypasses
natural attenuation mechanisms in the subsurface (Ellis 2006).
Wastewater may contain pharmaceuticals, household detergents,
fragrances and flavourings and plant and animals steroids.
Hospital and medical wastewater forms an important source of
contaminants including a wide range of pharmaceuticals
(Verlicchi et al. 2010; Watkinson et al. 2009), while industrial
compounds include solvents, detergents, flame retardants and
polyaromatic hydrocarbons (PAH).
A handful of studies have characterised pesticide contami-
nation in freshwater systems inAfrica (e.g. Karlsson et al. 2000;
Schulz et al. 2003; Awofolu and Fatoki 2004), and pesticide
storage and use remains largely unregulated and monitored
(Dalvie et al. 2006; London et al. 2005). There are few studies
that have investigated micro-organic compounds such as phar-
maceuticals in freshwater sources (Hughes et al. 2012; OketolaTa
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and Fagbemigun 2013). Sorensen et al. (2015c) provided the
first assessment of groundwater contamination for a broad
range of compounds (n > 1,000) including pharmaceuticals,
personal care products and industrial breakdown products
within urban groundwater in Africa. Lin et al. (2013) recently
characterised a broad range of volatile organic compounds from
pit latrines in Africa, an important source of groundwater
contamination in this region (Graham and Polizzotto 2013).
Olujimi et al. (2010) review the presence of phthalates and
other endocrine disruption chemicals in the South African
environment. Fatoki et al. (2010) studied phthalates in surface
water and found concentrations which gave cause for concern
with diethylhexyl phthalate (DEHP) posing the greatest risk
(range 0.3–2.78 mg/L). Ogunfowokan et al. (2006) assessed
phthalates in a sewage lagoon and adjacent surface water.
Both were assessed as being polluted by a range of phthalate
compounds. These were found present at monthly mean con-
centrations of between 24 and 139 mg/L in the lagoon and 10
and 80 mg/L in the receiving stream. Adeniyi et al. (2008)
looked at concentrations of phthalates in soils surrounding
an open solid waste dump in Limpopo Province, South
Africa. For the phthalate esters dimethyl phthalate (DMP),
diethyl phthalate (DEP), dibutyl phthalate (DBP) and DEHP,
the mean values calculated were 0.31 ± 0.12, 0.21 ± 0.05,
0.30 ± 0.07, and 0.03 ± 0.01 mg/kg respectively. Mahomed
et al. (2008) estimated oestrogenic activity from phthalates
in industrial discharges. As part of a wider study Aneck-
Hahn et al. (2009) analysed the oestrogenic activity of
borehole and spring samples in two communities in
Limpopo Province, one rural and one close to a platinum
mine. The majority of samples showed such activity. A
recent study by Arinaitwe et al. (2014) showed elevated
polybrominated diphenyl ethers and alternative flame retar-
dants in air and rainfall samples in East Africa
Pathogens and microbiological indicators
The main source of pathogen contamination in water is faeces.
Human and animal faeces contains a high microbial load with a
very diverse range of species (Leclerc et al. 2001) that are
IMW70355derived from the normal flora of the gut. Many of
the bacteria in the gut are either difficult to culture, or cannot be
cultured with the techniques currently available; therefore, esti-
mating the bacterial load in faeces is extremely difficult. Using
methods that detect genetic material, O’Hara and Shanahan
(2006) have estimated between 1011 and 1012 bacteria in one
gram of colonic content (60% of the faecal mass). Most of these
bacteria are harmless saprophytes that colonise the gut and aid
digestion, but faeces also contains pathogenic microorganisms,
and it is these that are of concern when they get into water.
The majority of pathogens are difficult or impossible to
culture with currently available methods. Although rapid and
sensitive methods are being developed and are under trial,
they are yet to be widely adopted by the water industry.
Where culture methods are available it can take several days
before the presence of the pathogen is confirmed, during
which time water consumers will have been exposed to the
pathogen. To overcome some of these difficulties, a group of
indicator bacteria are used routinely to highlight faecal con-
tamination in water. The pathogens that have been isolated
from groundwater, and the indicator organisms that have been
used to assess risk are described in detail elsewhere in this
special issue of Hydrogeology Journal.
Impacts from in-situ sanitation
In-situ sanitation, largely in the form of pit latrines and septic
tanks is considered the dominant cause of microbiological con-
tamination and amajor cause of nutrient loading towater sources
in SSA. There are however other sources of contamination in-
cluding open defecation (Nkhuwa 2006; Nyenje et al. 2013) and
surface ponds and it is often difficult to resolve multiple sources
of faecal contamination in groundwater (Howard et al. 2003).
Impacts from pit latrines is a well-studied and documented
source of groundwater contamination and a worldwide review
has been published recently by Graham and Polizzotto (2013).
The main findings from studies carried out in SSA have been
collated in Table 3 and are summarised below along with other
studies specifically targeting contamination from pit latrines.
Microbiological contaminants
Human faeces harbour a large number of microbes, including
bacteria, archaea, microbial eukarya, viruses, protozoa, and
helminths (Graham and Polizzotto 2013). In the context of
this review, there have been no studies that have assessed
protozoa or helminths, which exhibit little movement in
groundwater due to their size (Lewis et al. 1982). The charac-
teristics of microorganisms and the aquifer and soil environ-
ment that affect microbial transport and attenuation in ground-
water are shown in Table S2 of the ESM.
Microorganisms have been assumed to be rapidly attenu-
ated after excretion but recent studies with viruses suggest that
water quality may be impaired for a considerable length of
time. Using a mixture of routine culture methods and genetic
detection methods, Charles et al. (2009) detected viruses over
300 days after they were introduced in simulated groundwater
systems. A number of approaches have been used to define the
quantities and transport distances of latrine-derived microbial
contaminants. The majority of these have been culture-based
studies of faecal bacteria; there has only been one study of
viruses related to pit latrines (Verheyen et al. 2009).
Attenuation of microbes is likely to be dependent on the
hydrological conditions both in terms of water levels and re-
charge rate and permeability of the aquifer, and is highly var-
iable (Taylor et al. 2010). Dzwairo et al. (2006) found faecal
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and total coliforms greatly reduced beyond 5 m from pit la-
trines in Zimbabwe, whereas Still and Nash (2002) found
faecal coliforms to be attenuated to <10 cfu/100 ml after 1 m
in Maputaland, KwaZulu-Natal. In Abeokuta, Nigeria,
Sangodoyin (1993) found coliform attenuation to be correlat-
ed both with distance from the source and with the depth of the
groundwater well. In Epworth, Zimbabwe, groundwater con-
tamination was higher in the dry season rather than in the wet,
with coliforms detected up to 20 m from the pit (Chidavaenzi
et al. 1997). In Benin, Verheyen et al. (2009) found a positive
association for detection of viruses in water sources with at
least one latrine within a 50 m radius. They postulated that
during the wet season viruses were transported in shallow
groundwater, whereas in the dry season contamination was
likely to be from surface water.
In an informal settlement in Zimbabwe, Zingoni et al.
(2005) found detectable total and faecal coliforms in over
two-thirds of domestic boreholes and wells. In the area, 75%
of households used pit latrines and there were also informal
trading areas. In Langas, Kenya, Kimani-Murage and Ngindu
(2007) found that 50% of wells were within 30 m of a pit
latrine and that all shallow wells were positive for total coli-
forms with 70% >1,100 mpn/100 ml; however, in Kisumu,
Wright et al. 2013) failed to find a significant correlation be-
tween the levels of thermotolerant coliforms (TTC) in water
sampled from shallow wells and the density of pit latrines.
Chemical contaminants
The chemical species of greatest concern from excreta disposed
in on-site sanitation systems are regarded to be nitrate, phosphate
and chloride. Pin-pointing specific sources is challenging as ni-
trate may be derived from numerous sources including plant
debris, animal manure, solid waste and fertilisers. A common
approach has been to compare areas that are similar but have
different latrine densities. In an informal settlement in
Zimbabwe, Zingoni et al. (2005) demonstrated that the highest
nitrate concentrations were associated with the highest popula-
tion and pit latrine density. A similar pattern was observed in
Senegal and South Africa (Tandia et al. 1999; Vinger et al.
2012). Studies in the peri-urban areas of Kisumu, Kenya, have
shown that the density of latrines within a 100 m radius of the
sources was significantly correlated with nitrate levels (Wright
et al. 2013). In eastern Botswana, the build-up of nitrogenous
latrine effluent in soils and downwards leaching resulted in ni-
trate concentrations of above 500 mg/L (Lewis et al. 1980). The
highest concentrations are found downstream of areas with high
latrine use (Vinger et al. 2012). Similarly, Tijani and Onodera
(2005) attributed high NO3 (>50–412 mg/L) in shallow ground-
water system in Ibadan, Nigeria, to leachates inputs from in-
house soak-aways and pit latrines. Direct measurements are
sparse but Graham and Polizzotto (2013) estimate lateral travel
distances of 1–25 m for pit-latrine derived nitrate. Sangodoyin
(1993) found that nitrate concentrations were not related to dis-
tance from the source in Abeokuta, Nigeria.
Chloride is typically transported with minimal retention
and frequently tracks nitrate (e.g. Lewis et al. 1980) unless
subsurface conditions promote denitrification. Ammonium
does not tend to accumulate in groundwater near latrines but
can accumulate and persist in anaerobic conditions and when
the water table intersects the base of the latrine pit (Ahmed
et al. 2002; Dzwairo et al. 2006). Other contaminants include
potassium, sulphate and dissolved organic carbon (DOC).
Impacts from non-sanitary anthropogenic sources
Table 4 summarises studies focused on the impact of waste
dumpsites, industrial activity andmining on groundwater quality.
There are only a handful of case studies which have characterised
the impacts of waste dumps and industry in urban areas and these
are dominated by examples from Nigeria. Examples of contam-
ination from historical mining activity come from Nigeria
(Ezekwe et al. 2012) and Zambia (Nachiyunde et al. 2013a).
Oyeku and Eludoyin (2010) investigated contamination in
wells and boreholes from industrial and waste dumps in Ojota,
Nigeria. Sites within a 2 km radius were found to be affected
with elevated concentrations of Fe, Cu, Pb and Zn as well as
high SEC. In Akure, Nigiera, boreholes in the vicinity of a
landfill were found to be contaminated, with high nitrate (36–
61 mg/L), Pb and Zn (Akinbile and Yusoff 2011). In Lagos,
Longe and Balogun (2009) found elevated concentrations of
nitrate (mean 38.5 mg/L), phosphate (mean 10.7 mg/L) and
ammonium (mean 0.2 mg/L) as well as high TDS (3–23 g/L)
in wells between 10 and 400 m from a municipal landfill.
Kassenga and Mbuligwe (2009) characterised seasonal and
up/down gradient water quality in wells in the vicinity of a
solid waste dump in Dar-es-Salam, Tanzania. Higher faecal
coliforms (FC) counts were found in sites down gradient
(3.4 × 104–3.7 × 104) compared to up gradient (1.5 × 104–
0.7 × 104). Higher FC counts were also found during the wet
season compared to the dry season down gradient of the
dumpsite. Lower SEC as well as SO4 and Fe were found up
gradient and in the wet season, implying dilution from rainfall
and recharge and contamination from the dumpsite.
Elevated concentrations of Pb (0.24 mg/L), Cd (0.25 mg/L)
and Zn (1.07 mg/L) were found in wells in the vicinity of
mining activities in Nigeria (Ezekwe et al. 2012). A study
by Nachiyunde et al. (2013a) included sites from the
Copperbelt in Zambia and found overall low contamination
levels in groundwaters with no trace elements above WHO
drinking-water guideline values. von der Heyden and New
(2004) also carried out a detailed study in the Zambian
Copperbelt on the impact of mine tailings on groundwater
quality. They found that there was only local effect from the
tailings and that concentrations of Co, Ni and Zn were below
WHO drinking-water-quality standards.
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Seasonal trends in groundwater quality and implications
for climate change
There are relatively few studies that have undertaken regular
water quality monitoring or have carried out seasonal compar-
isons. Studies by Howard et al. (2003) and Sorensen et al.
(2015a, b) are two notable examples where detailed seasonal
monitoring of microbiological indicators was carried out over
a 12 month period to characterise the risk factors for spring
contamination in Kampala, Uganda, and shallow wells and
boreholes in Kabwe, Zambia. Significantly higher contamina-
tion has been observed after rainfall events and there was
strong evidence that rapid recharge of the shallow groundwa-
ter causes a rapid response in spring and shallow well water
quality (Barrett et al. 1998; Sorensen et al. 2015b).
Higher maximum faecal streptococcal counts were found
in the wet season compared to the dry season for studies in
Uganda (Kulabako et al. 2007) and Malawi (Palamuleni
2002). Changes in nitrate show a mixed picture with higher
maximum concentrations in two studies from Uganda and
DRC (Kulabako et al. 2007; Vala et al. 2011) during the wet
season, while in the case study from Zimbabwe (Mangore and
Taigbenu 2004) lower maximum values were found. Median
values for nitrate were lower in the wet season for both the
Uganda and Zimbabwe case studies (see Table S1 of the
ESM), which may indicate a dilution effect, while the higher
maximum concentrations may be explained as a result of a
pulse of contaminants at the start of the rainy season and or
evaporative effects during the dry season. Understanding sea-
sonal trends in nitrate are complicated by the changes in redox
conditions, particularly in low-lying areas which are prone to
flooding in the wet season which are not uncommon in SSA,
e.g. Lusaka, Zambia. These may shift from an oxidising re-
gime during low water levels, which retains NO3, to a reduc-
ing regime where denitrification can take place during inun-
dation (Sanchez-Perez and Tremolieres 2003; Spalding and
Exner 1993).
Future climate scenarios for Africa are highly uncertain
(Schmidhuber and Tubiello 2007; Conway et al. 2009) but
some regions such as East Africa have been acknowledged
as facing large risks from impacts of climate change (Hinkel
et al. 2012). There are few studies that have been undertaken
in Africa that provide direct evidence of the impact of climate
change on deteriorating water quality and impacts on health;
however, there is growing evidence globally of an association
between water-borne diarrheal diseases and climatic factors
that are likely to intensify under future climate change scenar-
ios (Levy et al. 2016). Levy et al. (2016) suggest that these
include risks associated with increased temperatures, more
intense rainfall events and greater amounts of flooding.
Several studies suggest there are greater risks of microbiolog-
ical contamination due to either flooding conditions in African
cities or due to the onset of the rainy season (Howard et al.
2003; de Magny et al. 2012; Sorensen et al. 2015a, b) and
links between disease outbreaks and El Niño years have been
proposed (de Magny et al. 2012; Olago et al. 2007). There is a
clear need for climate appropriate sanitation and water provi-
sion in rapidly expanding urban centres (Howard et al. 2016).
Any future increases in rainfall intensity may enhance ground-
water recharge processes and may lead to more rapid degra-
dation of water quality through enhanced transport of contam-
inants to the water table (Taylor et al. 2009). The impact of
saline intrusion on fragile shallow coastal aquifers in Africa is
already being observed (e.g. Comte et al. 2016) and will be
compounded by any significant future rise in sea levels
(Hinkel et al. 2012).
Comparisons between different groundwater source types
Table 5 summarises and compares water quality data from
studies where multiple sources have been sampled for com-
parison. Open and unlined wells are consistently of poorer
quality compared to lined or ‘improved’ wells (e.g. Godfrey
et al. 2006; Sorensen et al. 2015b). Boreholes generally have
the best water quality, however in some studies springs have
been found to be of better quality compared to boreholes (e.g.
Takem et al. 2010) and in others cases the trend is reversed
(e.g. Palamuleni 2002) or both sources were found to have
comparable levels of contamination by FC (e.g. Abiye
2008). It is important to note that many of these studies
contained very few observations for each source type and
generalisations should be treated with caution; however, to-
gether they form a more compelling body of evidence.
There is some evidence that the water quality of wells may
be affected by usage rates, i.e. with fewer groundwater sources
being relied on towards the end of the dry season there is
greater risk of contamination, e.g. from materials used for
drawing water, especially for unimproved sources (Godfrey
et al. 2006). For boreholes this contamination pathway is gen-
erally not a major risk factor and this supports the generally
better quality found in these types of sources. The lower stor-
age volume of shallow boreholes compared to wells may also
be an important factor as this type of contamination can be
more rapidly flushed out.
Improved wells do not generally exhibit the same level
of gross contamination observed in traditional wells and
springs; however, in the majority of studies, wells (both
improved and unimproved) are found to have water with
unacceptable levels of contamination with faecal coli-
forms by WHO standards (and typically > 100 cfu/
100 ml) in at least some part of the year and often
throughout the year. With perhaps the exception of highly
karstic settings for microbiological and nitrate content, the
following order of water source quality (best to worst)
was found as follows: boreholes > improved wells =
springs > traditional wells.
Hydrogeol J
Separation between sources of pollution and groundwater
abstraction points
A number of studies carried out in Africa relevant to this topic
are reviewed in the following section; most studies have fo-
cussed on minimum separations between pit latrines and
wells. As part of their recent literature review, Graham and
Polizzotto (2013) included an assessment of the minimum
separation distances between pit latrines and groundwater re-
ceptors recommended by studies in a range of typical
hydrogeological settings. Separation distances of 10–50 m
were commonly recommended; however, there was no de-
tailed consideration of higher-risk settings such as those posed
by tropical soils, which cover a considerable part of Africa, or
karstic settings which require considerably greater separation
distances (e.g. Bonsor et al. 2014).
Microorganisms have been assumed not to survive for very
long after excretion but recent studies with viruses suggest that
water quality may be impaired for a considerable length of
time. Using a mixture of routine culture methods and genetic
detection methods, Charles et al. (2009) detected viruses over
300 days after they were introduced in simulated groundwater
systems. Using similar survival time for viruses in groundwa-
ter systems in the Netherlands, Schijven et al. (2006) calculat-
ed that protection zones of between 1 and 2 years travel time
would be required to ensure an infection risk of less than 1 in
10,000 per person per year. This is considerably longer than
the 60-day travel time that is widely applied in Europe, or
shorter in other parts of the world. Although a number of
assumptions have been applied to the quantitative microbial
risk assessments that were used to derive the travel time, it
highlights the potential inadequacy of the current protection
zones and points to the need for water treatment to ensure that
it is safe to drink.
A number of approaches have been used to define the
quantities and transport distances of latrine-derived microbial
contaminants. The majority of these have been culture-based
studies of faecal bacteria; but there has only been one study of
viruses related to pit latrines (Verheyen et al. 2009).
Attenuation of microbes is likely to be dependent on the
hydrological conditions both in terms of water levels and
recharge rate and permeability of the aquifer, and is highly
variable. Dzwairo et al. (2006) found faecal and total coli-
forms greatly reduced beyond 5 m from pit latrines in
Zimbabwe, whereas Still and Nash (2002) found faecal coli-
forms to be attenuated to <10 cfu/100 ml after 1 m in
Maputaland, KwaZulu-Natal. In Abeokuta, Nigeria,
Sangodoyin (1993) found coliform attenuation to be correlat-
ed both with distance from the source and with the depth of the
groundwater well. In Epworth, Zimbabwe, groundwater con-
tamination was higher in the dry season rather than in the wet,
with coliforms detected up to 20 m from the pit (Chidavaenzi
et al. 1997). In Benin, Verheyen et al. (2009) found a positive
association for detection of viruses in water sources with at
least one latrine within a 50 m radius. They postulated that
during the wet season viruses were transported in shallow
groundwater.
While clearly less important from a health perspective
compared to microbiological contamination, chemical con-
taminants also pose a threat to water quality, and they are very
Table 5 Comparison of microbiological water quality from multiple groundwater sources including boreholes, wells and springs (9/48)
Town/city/area Country Geology/sites Water quality (cfu/100 ml) Contamination Reference
Oju area Nigeria Sedimentary
n = 30
Borehole: FC BDL–500, typically <200.
Improved well: FC 50–500, typically >200.
Traditional well: FC > 500
Borehole < improved well
< traditional well
Bonsor et al. (2014)
Yaounde Cameroon Basement
n = 40
Spring: FC 2–72, FS 0.
Well: FC 7–100, FS 0–100
Spring < well Ewodo et al. (2009)
Kumasi Ghana Basement
n = 9
Well: FC mean >30,000, EnC = 0–1,152.
Borehole: FC mean > 20,000, EnC 0–36
Borehole < well Obiri-Danso et al. (2009)
Blantyre Malawi Basement
n = 9
Borehole: FC 0–30, FS 0.
Spring: FC 530–9,500, FS 0–7,000.
Wells: FC 3500–11,000, FS 250–2,650
Borehole < spring < well Palamuleni (2002)
Njala Sierra Leone Basement
n = 8
Spring: FC 50–30,000, FS 8–2500.
Wells: FC 125–63,000, FS 5–2,500
Spring < well Wright (1986)
Kampala Uganda Basement
n = 16
Spring: FC 29–10,000, FS 6-8300.
Wells: FC 0–266, FS 0–268
Spring < wells Kulabako et al. (2007)
Harare Zimbabwe Basement
n = 29
Borehole: FC 0–30,000.
Well: FC 0–30,000
Borehole < well for FC Zingoni et al. (2005)
Douala Cameroon Sedimentary
n = 4
Spring: FC 1–950, FS 0–420.
Borehole: FC 1–2,300, FS 0–1,400
Spring < borehole Takem et al. (2010)
Kabwe Zambia Karstic
n = 75
Borehole: FC<2–630.
Well: FC <2–28,000
Borehole < well Sorensen et al. (2015b)
FC faecal coliforms; FS faecal strep.; EnC enterococci, TC total coliforms, BDL below detection limit
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useful tracers of microbiological contaminants, which are in-
herently more transient in groundwater systems. Nutrients are
also important in the fact that they are linked to the survival of
pathogens in the environment.
Pin-pointing specific sources using nitrate is challenging as
nitrate may be derived from numerous sources including plant
debris, animal manure, solid waste and fertilisers. A common
approach has been to compare areas that are similar but have
different latrine densities. In an informal settlement in
Zimbabwe, Zingoni et al. (2005) demonstrated that the highest
nitrate concentrations were associated with the highest popu-
lation and pit latrine density. Similar patterns have been ob-
served in Senegal and South Africa (Tandia et al. 1999; Vinger
et al. 2012). Studies in the peri-urban areas of Kisumu, Kenya,
have shown that the density of latrines within a 100 m radius
of the sources was significantly correlated with nitrate concen-
trations (Wright et al. 2013). In contrast, Sangodoyin (1993)
found that nitrate concentrations were not related to distance
from pit latrines in Abeokuta, Nigeria. In eastern Botswana
the build-up of nitrogenous latrine effluent in soils and vertical
leaching resulted in nitrate concentrations of above 500 mg/L
(Lewis et al. 1980).
Direct measurements and well-designed studies are sparse
and rarely consider rapid flowpaths or multi-point sources of
contamination. Graham and Polizzotto (2013) estimate lateral
travel distances of 1–25 m for pit-latrine derived nitrate.
Chloride is typically transported with minimal retention and
frequently tracks nitrate (e.g. Lewis et al. 1980) unless subsur-
face conditions promote denitrification. Ammonium does not
often accumulate in groundwater near latrines but can accu-
mulate and persist in anaerobic conditions and when the water
table intersects the base of the latrine pit (Dzwairo et al. 2006;
Nyenje et al. 2013). Other contaminant tracers of wastewater
or faecal sources include potassium, sulphate and DOC and
emerging organic contaminants (Sorensen et al. 2015c).
Proposing a single separation value is not realistic given the
complexity of recharge and lateral/vertical pathways in differ-
ent hydrogeological settings in SSA. At the very least, a con-
sideration of soil permeability characteristics and the presence
of laterites, as well as other macro-pore flow paths, need to be
included as part of an assessment of safe separation distances.
The separation distance approach has an inbuilt assumption
about point sources such as pit latrines, as the dominant
sources of contamination, and while this may be the case for
many settings, more diffuse sources such as open defecation
and animal waste need to be considered (Lapworth et al.
2015). Woodhouse et al. (1996) investigating safe water envi-
ronments in Eldoret, Kenya, illustrate the prospects and prob-
lems of a holistic research method and take due cognizance of
social dimensions, behaviour patterns and attitudes in the
problem of groundwater pollution. The findings emphasized
the importance of the multidimensional nature of safe water
and other health issues in peri-urban areas as well as
collaboration between anthropologists, medical practitioners,
microbiologists, policy-makers and implementers such as lo-
cal authorities and residents in addressing the issues.
Assessing urban groundwater pollution risk and nitrate
concentrations in SSA
Figure 1 shows the spatial distribution of the 31 studies in-
cluded in the analysis of nitrate in urban groundwaters.
Nigeria was a particular focus for studies of urban groundwa-
ter contamination with nitrate. Figure 3 shows mean nitrate
recorded per urban groundwater study, compared with the
DRASTIC risk score for underlying aquifer vulnerability
(from Ouedraogo et al. 2016) and maximum population den-
sity in the settlement studied. Although the greatest nitrate
contamination was in groundwater sources in settlements with
extremely high population densities (over 40,000 people per
km2), there was wide variation in study findings from aquifers
with similar risk levels. Table 6 shows the results of the meta-
regression of these risk factors for nitrate contamination.
This analysis extends a recent evaluation of nitrate contami-
nation in relation to a continental-scale aquifer vulnerability in-
dex (Ouedraogo et al. 2016). Unlike that recent study, the anal-
ysis described in this paper differentiates boreholes from
shallower groundwater sources, incorporates one measure of ni-
trate load into the aquifer (population density), and explicitly
accounts for sample size variation between studies via random
effects meta-regression. The findings suggest that mean nitrate
contamination in included studies is highly variable and difficult
to predict. This is likely to be a result both of variation in sam-
pling protocols between studies and the coarse spatial resolution
of the aquifer vulnerability and population density data used;
however, meta-regression (Table 6) identified a significant rela-
tionship between the aquifer vulnerability index and mean ob-
served nitrate, supporting the findings of Ouedraogo et al.
(2016).
Conclusions and research priorities
Over the last three decades there has been a concerted effort to
develop improved groundwater supply and sanitation across
Africa (Bartram and Cairncross 2010); however, the combi-
nation of limited waste management and high intrinsic vulner-
ability in many regions leave urban aquifers highly impacted
by faecal and chemical loading, posing a clear health risk to
users. Shallow groundwater sources, used widely for a range
of domestic activities including drinking and cooking, are par-
ticularly at risk and are often the go-to water source in low-
income areas in SSA.
While shallow urban supplies have high health risks,
they remain an important source of water for millions of
low-income urban communities across Africa, and due to
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cost, poor reliability of piped sources and in some cases
due to taste, are often preferred to treated piped supplies.
Despite a growing dependence on urban groundwater
resources, this paper shows that compared to other
regions globally there have been relatively few
systematic urban groundwater quality studies carried out
in SSA. This is due to a combination of factors including
the costs associated with water quality monitoring, the
relatively low levels of funding for research in SSA
over the past decade, limited national regulation of
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groundwater in many cases and the relatively small num-
ber of groundwater professionals in this region. Key con-
clusions from this paper are:
& There is a paucity of high-quality studies and limited sys-
tematic monitoring data for groundwater quality in SSA.
More systematic studies, including those with larger pop-
ulations and randomized designs and therefore more gen-
eralizable, as well as focussed high-frequency temporal
studies, are needed to provide a better evidence base from
which to make recommendations for groundwater protec-
tion and improved health outcomes in SSA.
& Sources of faecal contamination, many of which can by-
pass natural attenuation mechanisms, are widespread in
most urban centres in SSA, posing a continued threat to
shallow groundwater supplies and users.
& High-intensity rainfall events pose a risk to shallow and
poorly protected groundwater sources, this is particularly
an issue for unimproved dug wells and springs. Shallow
groundwater levels also pose a significant risk to shallow
water sources in urban settings due to reduced attenuation
in the unsaturated zone when groundwater intersects with
the base of pit latrines and sewer networks.
& Borehole sources, and the deeper (e.g. > 40 mbgl) ground-
water resources they often access, are of generally much
better chemical and microbiological status compared to
shallow groundwater sources, and as such these sources
need to be protected and managed. However, contamina-
tion may still be a major issue for boreholes in karstic or
fractured basement settings or where there has been long-
term contaminant loading to the subsurface and/or high
rates of abstraction.
& Results from the literature suggest that using fixed sepa-
ration distances between sources and receptors cannot be
applied without considering the detailed hydrogeological
setting, including an understanding of rapid lateral and
vertical pathways that may be present, and assessing risks
from diffuse sources of contamination.
& There is some evidence (Table 6) to support a link between
DRASTIC scores and mean nitrate levels in urban areas
reported in literature. However, this relationship is com-
plex due to a range of factors including the variety of
urban and non-urban nitrate sources of pollution as well
as hydrogeological N processes that may remove nitrate,
as a result there are limited benefits from using this
approach to understand urban nitrate pollution in
groundwater.
Important knowledge gaps remain for understanding of
rapid pathways for aquifer contamination, which are impor-
tant for assessing microbiological contamination, and in some
cases can even impact deeper groundwater sources. For the
majority of urban areas in SSA there is a paucity of informa-
tion on the quality and quantity of the groundwater resource,
particularly in terms of vertical permeability characteristics
and local flow patterns and the response to intense rainfall
events. So far, a relatively limited range of groundwater con-
taminants has been reported in the literature for SSA and there
is little or no systematic monitoring of key microbiological
and chemical drinking-water-quality parameters. Given the
potentially important role rapid horizontal (and vertical) path-
ways play in tropical soils overlying basement aquifers (e.g.
Bonsor et al. 2014) on the migration of contaminants in the
subsurface, and the widespread occurrence of this aquifer type
across SSA, this is a key topic that warrants further investiga-
tion. Although not the focus of this paper, it is clear that socio-
economic aspects need to be better integrated with physical
hydrogeology if urban groundwater security research is to be
effective and relevant.
Tracing and quantifying pathogen residence times/survival,
sources and speciation in the subsurface is a clear research
priority. Assessments in shallow groundwater systems as well
as deeper systems are required to make a robust assessment of
the vertical and lateral separation required between sources of
pollution and strategic groundwater resources. New tech-
niques such as molecular marker methods and qPCR tech-
niques (e.g. Mattioli et al. 2012; Sorensen et al. 2015a) for
fingerprinting pathogens as well as new fluorescence sensor
technology for rapidly mapping microbiological contamina-
tion of water sources (e.g. Sorensen et al. 2015b) and other
field tests may offer new ways to discriminate between differ-
ent pathogen sources and pathways for contamination and
rapidly assess potential health risks associated with vulnerable
groundwater sources.
Given the high natural variability in rainfall patterns and
potential intensification of future climate patterns across some
parts of Africa, there are a number of climate-related ground-
water-quality research priorities, which include: the link be-
tween rainfall intensity and enhanced groundwater recharge
and rapid water-quality deterioration within vulnerable
Table 6 Results of a random
effects meta-regression of risk
factors for mean nitrate contami-
nation in 31 studies of urban
groundwater sources
Variable Coefficient (95% confidence intervals) P value
Aquifer vulnerability (DRASTIC) risk score 0.085 (0.077–0.093) <0.001
Population density per ha −0.00018 (−0.0015–0.0012) 0.79
Proportion of boreholes sampled −0.105 (−0.346–0.136) 0.393
Constant −13.374 (−14.835 to −11.913) <0.001
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shallow urban aquifer systems; the impact of increasing tem-
perature on pathogen occurrence and survival in the urban
environment, particularly during urban flooding; enhanced
risks of pit latrine flooding and groundwater contamination
during high intensity rainfall events in low-income areas; the
impact of rising sea levels and saline intrusion on fragile shal-
low coastal aquifers given the large number of growing coast-
al urban centres across Africa. Priority regions for research are
areas which are experiencing the fastest urban population
growth and expansion, and include regions such as the Lake
Victoria Basin and parts of West Africa (UN 2015; UNEP
2008).
Targeted investments in priority research areas, including
those highlighted in the preceding, are needed in SSA to pro-
vide evidence to inform the provision of climate ready urban
water and sanitation infrastructure. This is required in order to
enhance safe drinking water and sanitation delivery to the
rapidly expanding urban and peri-urban populace and work
towards the sustainable development goals in SSA. Moreover,
with ongoing health epidemics in urban areas, including viral/
bacterial diseases, many of which are from faecal sources,
both the national governments and international community
should consider investments in improved waste management
and clean and safe water supplies as a matter of priority.
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